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Dust Dynamics

Courtesy NASA,  Yuri Beletsky (ESO)Courtesy NASA (C/2001 Q4)Courtesy NASA (PIA11141)
Courtesy NASA (Snowflake Cluster)

Jupiter’s Halo, Galileo Orbiter.  Courtesy NASA (PIA01622)

Horanyi, M., “Charged Dust Dynamics in the Solar Syatem”, Annual Review of Astronomy and Astrophysics, 1996

Figure 4.  Berg O.E. and E. Grun, “Evidence of Hyperbolic Cosmic Dust Particles”. Space Research XIII. Berlin. 1973., pp. 1052.

NASA Dust Collection Pool 

Brownlee, D.E., “Cosmic Dust: Collection and Research”, Annual Review of Earth and Planetary Sciences, Vol 13, 1985, pg. 147-173.

Perseid Meteor Shower, Wikimedia Commons.
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Spokes in Saturn’s B-Ring, Cassini (NASA/JPL – PIA09855).  
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Many Accelerations Depend 
on Length-Scale

EARTH ALBEDO, EARTH THERMAL

,
POYNTING-ROBERTSON DRAG

Images Courtesy NASA / JAXA
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Length-Scale and 
Altitude

Solar Radiation Pressure

Aerodynamic Drag

Earth J2

Lorentz
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Area-to-Mass and 
Characteristic Length
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Spacecraft-on-Chip 
Architecture

• Application specific integrated circuit (ASIC) with 
spacecraft functionality:  power, communications, data 
handling, etc.

• Extremely thin form factor
λ = 1 cm
ε = 0.0025
ρ = 2300 kg/m3, Silicon

A = 1 cm2

m = 8 mg
A/m = 125 m2/kg
β = 0.036

Sprite – A small, elusive supernatural being.
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Traditional Motivation

“Can’t we make ‘Palm Pilot’ versions of 
spacecraft instead of main frames?”

Siegfried W. Janson
Aerospace Corporation,  May 2000New Capabilities

Distributed Sensing

Cost= f (Size, Mass, Power)
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Area-to-Mass Survey

*All Images Courtesy NASA

*

Sprite – Printed Circuit Board
A = 0.0014 m2

m = 0.008 kg
A/m = 0.18 m2/kg  

Sprite – Multi-Chip Module
A = 0.00029 m2

m = 0.000022 kg
A/m = 13.1 m2/kg

Sprite – Application Specific IC
A = 0.0001 m2

m = 0.0000008 kg
A/m = 133 m2/kg
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Sprite – A small, elusive supernatural being.

Sprite Prototypes

Printed Circuit Board

3.8 cm x 3.8 cm x 1 mm

Multi-Chip Module

1.7 cm x 1.7 cm x 350 μm

Application Specific IC

1.0 cm x 1.0 cm x 25μm

PCB
MCM
ASIC

Fabrication Testing Flight Testing
TestingFabrication

Jan‘11Jan ‘09 Jan ‘10

Design

FabricationDesign Design

Si
Ti / Au

SiO2

Wire Bonds

Original Footprint

Depackaged Footprint
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Sprite Features
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Power Subsystem

“Bursty” Operation
Solar cells charge a capacitor bank until there is 
sufficient energy to operate the microcontroller 
and radio.
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Communications

Matched Filtering
• The radio supplies only 12 mW
• 512 bit pseudorandom noise (PRN) sequence key for 

matched filtering offers ~30 dB of effective gain
• Minimum-Shift-Keying (MSK) for lower bit error rates

Frequency, MHz

Po
w
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Atmospheric Sensors?
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How Does Dust 
Survive Re-Entry?
Mechanical Forces*

• Magnitude of drag depends 
explicitly on A/m.

• Terminal velocity depends 
explicitly on A/m.

• Ram pressure goes with ρAv2.

High-Temperature Ablation**

• There is sufficient kinetic energy 
to ablate. 

• Small grains achieve uniform 
temperature quickly.

• Aerothermal heat-input goes 
with ρAv3.

• Aerothermal heat-input is a 
function of the local flow 
properties.

Dust survives re-entry by shedding the majority of its kinetic 
energy in the rarefied atmosphere.*Brownlee, D.E., Ann. Rev. Earth Planet. Sci. 1985.
**Whipple F.L.,  Proc. Natl. Acad. Sci., 1982.
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Preliminary
Aerothermal Model
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Hypersonic 
Aerothermal
Convection*

Radiation to 
Environment

*Allen, H.J., and Eggers, A.J., “A Study of the Motion and Aerodynamic Heating of Missiles Entering the Earth’s Atmosphere at High Supersonic Speeds,” NASA Technical 
Report #1381, 1958. 

**Hirshcel, E.H., Basics of Aerothermodynamics, 1st Ed, Springer-Verlag, Berlin, 2005.
***Koppenwallner, G., Fritsche, Band Bolts of Disintegrating Spacecraft during Uncontrolled re-entry”, Proceedings of the Third European Conference on Space Debris, 19 - 21 

March 2001, ., and T. Lips, “Survivability and Ground Risk Potential of Screws Darmstadt, Germany.

A Skin Friction Coefficient CF encapsulates the flow regime
• Free-Molecular Flow*** (10 ≤ Kn) 

• Transitional *** (0.01 ≤ Kn < 10)

• Continuum** (Kn ≤ 0.01)

• Laminar (Re ≤ 2300)

• Turbulent (2300 < Re)

Assumptions

• Constant CD, ε
• Lumped Parameter Mass

• Reynolds Analogy, Pr = 1
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Ballistic Re-Entry 
Simulations
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Conclusions

• Area-to-Mass is a design parameter that can drive 
spacecraft dynamics.

• For the right choice of area-to-mass and characteristic 
length, a body can re-enter while maintaining a low 
temperature.

• A spacecraft-on-chip architecture may be capable of 
demonstrating this low-temperature behavior.  

• I welcome your advice on how to move forward with this 
analysis.
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Ballistic Re-Entry 
Simulations

Face-On Edge-On

Parametric Search
Length and Thickness vs. Maximum Temperature
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Ballistic Re-Entry 
Simulations

Sample Re-Entry Simulation
Edge-On, 1cm x 25μm
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Survey of 
Area-to-Mass Values

*All Images Courtesy NASA

*

International Space Station
A = 5910 m2

m = 303,660 kg
A/m = 0.0195 m2/kg  

OSCAR-1
A = 0.08 m2

m = 5 kg
A/m = 0.0160 m2/kg  

ECHO-1
A = 730 m2

m = 71 kg
A/m = 10.2 m2/kg  

ODISSEE Solar Sail
A = 1600 m2

m = 77 kg
A/m = 20.8 m2/kg 

NanoSail-D
A = 9.0 m2

m = 4.5 kg
A/m = 2 m2/kg 

1μm Silicate Dust Grain 
A = 0.00000000000078 m2

m = 0.00000000000000052  kg
A/m = 1500 m2/kg  
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Aerodynamic Drag
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• Drag
• Often characterized by the ballistic 

coefficient.

• Typical spacecraft values fall between 
10 and 100 kg/m2.

• A 1cm x 1cm x 25 µm silicon wafer 
achieves β = 0.02.

• Ballistic coefficient drives terminal 
velocity.
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Sprite Features

Bursty Operation:

8 Bit Pseudo Random Noise Key

Incoming 
Demodulated
Signal

-1 -1 -1 -1 -1

+1 +1 +1

-1 -1 -1 -1 -1-1 -1

+1 +1 +1+1 +1+1+1
1/8· [(-1·1)+(1·1)+(-1·1)+(1·-1)+(-1·1)+(-1·-1)+(-1·1)+(1·-1) ]= -0.5001/8·[(-1·1)+(1·1)+(-1·-1)+(1·1)+(-1·-1)+(-1·1)+(-1·-1)+(1·-1)] =  0.5001/8·[(-1·1)+(1·-1)+(-1·1)+(1·-1)+(-1·1)+(-1·-1)+(-1·-1)+(1·-1)] =  0.1251/8·[(-1·-1)+(1·1)+(-1·-1)+(1·1)+(-1·-1)+(-1·-1)+(-1·-1)+(1·1)] =  1.000

Matched Filtering:
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Skin Friction Coefficient
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*  Hirshcel, E.H., Basics of Aerothermodynamics, 1st Ed, Springer-Verlag, Berlin, 2005.
**Koppenwallner, G., Fritsche, Band Bolts of Disintegrating Spacecraft during Uncontrolled re-entry”, Proceedings of the Third European Conference on Space Debris, 19 - 21 

March 2001, ., and T. Lips, “Survivability and Ground Risk Potential of Screws Darmstadt, Germany.
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Parameter Value Units
Solar Cells 6

Voltage 48 V

Current 50 μA

Capacitor 20 μF

Maximum Voltage 30 V

Minimum Voltage 18 V

Charge Time 1.0 s

Released Energy 6.4 mJ

Pulse Length 18 ms

DC-DC Efficiency 80 %

Filtered DC Output

Supply Voltage 3.3 V

Supply Current 86 mA

Power Consumption

Microcontroller Power -0.6 mA

Transmitter Power -29 mA

Margin 56 mA

Sprite Power System
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Parameter Value Units
Transmitter

Power 10 mW
Antenna Gain 0 dB
Frequency 902 MHz
Bandwidth 1 MHz
Pulse Length 16 ms
Chip Rate 10 kHz

Orbit
Altitude 500 km
Overhead Arc-Length +/- 20 deg
Free Space Loss -146 dB
Atmospheric Attenuation -2 dB

Receiver
Receiver Gain 18 dB
Noise Temperature 300 K
Noise Power -142 dBW

Margin 5 dB
Received Power -154 dBW
Carrier to Noise Ratio 0.07
Matched Filter Gain 22 dB
Signal to Noise Ratio 11

Sprite Communications 
Subsystem 
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“Minimum Shift Keying” (MSK) Signal Modulation

MSK has the advantage of efficiently spreading the signal’s energy over a range 
frequencies.

MSK Modulated Signal Power Spectral Density

Frequency, MHzTime, s

Communications
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Angular Accelerations 
and Length Scale

EDDY CURRENT DAMPING

SOLAR PRESSURE

LORENTZ

ELECTROMAGNETS

SOLAR WIND

GRAVITY GRADIENT

RESIDUAL MAGNETIC FIELDS

EARTH ALBEDO, EARTH THERMAL

MICROMETEOROIDS

ALTITUDE: 1000 KM 0.01 

AERODYNAMIC DRAG
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Kionix 3-Axis AccelerometerInvenSense 2-Axis Gyro

DARPA Digital MicropropulsionAeroAstro Medium Sun SensorULIS Microbolometer
Rockland 

Micromagnetometer

CMOS Imager

Miniaturization 
seems to be 
today’s design 
paradigm.

“Mass is King”

Small Sensors


